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Abstract
The present study compared the effects of two repeated-sprint training (RST) programs, dif-
fering in duration of the between-sprint rest intervals, on various soccer-related exercise
performances. For 5 weeks during the competitive season, twenty-nine young trained male
soccer players either replaced two of their habitual fitness conditioning sessions with RST
characterized by short (5–15; n = 9) or long (5–30; n = 10) rest intervals, or served as control
(n = 10). The 5–15 and 5–30 protocols consisted of 6 repetitions of 30-m (~5 s) straight-line
sprints interspersed with 15 s or 30 s of passive recovery, respectively. 5–15 improved 200-
m sprint time (2.0±1.5%; p<0.05) and had a likely positive impact on 20-m sprint perfor-
mance, whereas 5–30 lowered the 20-m sprint time (2.7±1.6%; p<0.05) but was only possi-
bly effective for enhancing the 200-m sprint performance. The distance covered during the
Yo-Yo Intermittent Recovery Test Level 2 increased following 5–15 (11.4±5.0%; p<0.05),
which was possibly better than the non-significant 6.5% enhancement observed in 5–30.
Improvements in the total time of a repeated-sprint ability test were possibly greater follow-
ing 5–30 (3.6±0.9%; p<0.05) compared to 5–15 (2.6±1.1%; p<0.05). Both RST interventions
led to similar beneficial (p<0.05) reductions in the percentage decrement score (~30%) of
the repeated-sprint ability test as well as in blood lactate concentration during submaximal
exercise (17–18%). No changes occurred in the control group. In soccer players, RST over
a 5-week in-season period is an efficient means to simultaneously develop different compo-
nents of fitness relevant to match performance, with different benefits induced by shorter
compared to longer rest intervals.
Introduction
Repeated-sprint training (RST) is defined as “a series of short sprints (3–7 s in duration), each
separated by a short recovery period (<60 s)” [1]. RST is a complex training strategy targeting
the development of neuromuscular (i.e., single sprint performance) and metabolic functions
(i.e., recovery between efforts), or both simultaneously. The rationale behind RST is to cause
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such perturbations to the muscle metabolic milieu and ion homeostasis to elicit favorable mus-
cular (i.e., oxidative capacity, phosphocreatine recovery, H+ buffering) and neural (i.e., muscle
activation and recruitment strategies) adaptations [2]. In a short period of time (2–5 weeks),
RST offers an effective strategy to concurrently improve a range of fitness measures relevant to
team sports such as explosive power, running speed, repeated-sprint ability (RSA) and high-
intensity running performance [3].
Optimization of training programs requires careful manipulation of key variables, with the
duration of the recovery interval or exercise-to-rest (E:R) ratio playing a central role [4] to
achieve the desired changes. Regarding RSA adaptations, for instance, the effects of altering
the rest interval during high-intensity exercise training have produced inconsistent results.
When thirteen young male professional soccer players reduced their training volume by ~20%
and replaced their habitual fitness conditioning work with 6–8 reps of 20-s all out running
bouts with either 40-s (speed endurance maintenance) or 2-min (speed endurance production)
rest intervals, the total time in a RSA test (15 x 40 m, 30 s of passive rest) decreased by 2.5%
with long-rest training program, whereas it was very likely impaired following the intervention
using short-rest [5]. Contrastingly, five weeks of high-repetition resistance training (15- to
20-repetition maximum, 2–5 sets) with 20-s rest periods resulted in greater improvements in
RSA (5 x 6-s maximal cycle sprints) than the same training with 80-s rest periods (+12.5 vs.
+5.4%, respectively) [6]. Additionally, while repeated-sprint performance is improved follow-
ing interval training, using short-rest (1 min) does not offer any advantage over the use of
long-rest (3 min) intervals when training intensity and volume are matched [7]. Referring to
the RST definition [1], however, none of the aforementioned studies can be categorized as typ-
ical RST protocols. Indeed, completed efforts were either too long (i.e., 20 s [5]), of sub-maxi-
mal intensity (i.e., 92–111% of minimal running speed associated with maximal oxygen uptake
(VO2max) [7]), or did not adopt a running/cycling mode (i.e., combination of free weights and
machine [6]), or were also characterized by excessive ( 60 s) recovery durations [5–7].
While there is considerable variation in the RST protocols employed with regard to the E:R
ratio (1:2 through 1:10) [8–11], only a limited number of studies have directly examined the
effects of the duration of the recovery intervals on performance parameters with RST. In such
a study, Saraslanidis et al. [12] compared the effects of two intervention programs on muscle
metabolism and sprint performance: RST sessions were conducted thrice weekly over 8 weeks
and comprising 2–3 sets of two 80-m sprints (~10-s efforts), differing in rest interval (10 s vs. 1
min). Their results suggested that training with a limited number of repeated 10-s sprints may
be more effective in improving speed maintenance in 200- and 300-m runs when performed
with a 1:1 rather than a 1:6 E:R ratio. However, due to the low volume of repetitions included,
the involvement of fit but not well-trained participants and performance outcomes restricted
to 80–300 m sprints (i.e., no RSA or endurance evaluation), the relevance/applicability of the
aforementioned study to team sports may be limited.
The aim of the current investigation was therefore to compare the effects of RST, with short
or long between-sprint rest intervals on a variety of soccer-related exercise performances. It
has been suggested that decreasing the rest period between intervals elicits greater exercise-
induced metabolic disturbances (i.e., greater activation of glycolysis [12]), thus providing a
stronger stimulus for adaptations. Alternatively, it could also be argued that a severe E:R ratio
(1:4 to 1:1) may impede training quality (i.e., fatigue-induced speed reduction) to an extent
that could lead to smaller improvement in key performance outcomes (i.e., maximal sprinting
speed) [5]. We hypothesized that RST with shorter rest intervals would augment the ability to
tolerate fatigue development and to sustain supramaximal efforts, whereas RST with longer
rest intervals would provide a stronger stimulus for improving the overall speed.
Repeated-sprint training in soccer
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Methods
Participants
Nineteen (age 17.0 ± 1.0 yrs, height 178 ± 10 cm, body mass 69.2 ± 8.0 kg) young male sub-
elite soccer players belonging to the same professional club took part in the intervention-train-
ing part of the study. All participants had a minimum of 5 yrs of experience, were regularly
involved in national level competitions and none of them was under medication. Before giving
their written informed consent to participate, the participants or parents/ guardians (if subject
was minor) were fully informed of any possible risks and discomforts associated with the
experimental procedures. The study was approved by the local ethical committee (Commission
cantonale vaudoise d'éthique de la recherche sur l'être humain, CCER-VD 308/13) according to
the code of Ethics of the World Medical Association (Declaration of Helsinki).
Experimental design
A parallel two-group, matched-work (sprint distance), longitudinal (Pre-test, Post-test) experi-
mental design was utilized to assess the changes in soccer-related physical performance
induced by two different RST protocols. For ensuring that both groups presented equal pre-
training average scores for each performance test, the players were matched according to their
initial (Pre-test) athletic performances and randomly assigned to either a short- (5–15; n = 9)
or a long- (5–30; n = 10) rest interval-based RST group. A control group (n = 10), performing
its habitual training and equally matched for anthropometric characteristics (age 17.2 ± 0.4 yr,
height 179 ± 5 cm, body mass 73.3 ± 4.9 kg) and competitive level with the two experimental
groups, took part in the study. The study was conducted during the competitive season
(November-January) and included: 1) Pre-training testing, 2) a 5-wk intervention training
period, and 3) Post-training testing.
Training intervention
Before the intervention, players used to perform four training sessions (i.e., Monday, Tuesday,
Wednesday, Thursday) and a full-length game (Saturday) per week. The duration of all train-
ing sessions was 90–120 min and encompassed individual preparation/warm up activities,
technical/tactical skills development, physical conditioning and active recovery strategies. The
typical fitness work comprised injury-prevention exercises and aerobic moderate/high-inten-
sity training on Monday, strength training and small sided-games on Tuesday, agility with
changes of direction on Wednesday and quick feet drills on Thursday. During the 5-wk inter-
vention period, the habitual interval training and agility sessions performed on Monday and
Wednesday, respectively, were replaced by specific RST exercise, whereas the rest of the weekly
schedule routine was kept the same as prior to the study. The detailed RST program is dis-
played in Table 1. Control group players continued their ordinary weekly training program as
before the intervention.
The 5–15 protocol consisted of 6 repetitions of ~5-s sprints interspersed with 15 s of passive
recovery, whereas 5–30 training was characterized by 6 x ~5-s sprint bouts followed by 30 s of
passive recovery between repetitions. During each ~5-s bout, players carried out a single 30-m
straight-line run at their maximal effort. During the first and the last training session, sprint
times were recorded by the use of portable photoelectric cells (Optojump, Microgate, Bolzano,
Italy). In addition, capillary blood samples were taken from the ear lobe before sprint 1 and
immediately after sprint 6 of the first set of the RST protocol during both the first and the last
training sessions. Blood lactate concentration ([La]) was analyzed using a portable device (Lac-
tate Pro™, Arkray factory inc., KDK Corporation, Shiga, Japan).
Repeated-sprint training in soccer
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All training sessions took place on artificial turf and were carefully supervised. No other
physical exercise was conducted aside from the one prescribed in the soccer environment. To
minimize any potential interference of external variables, the players maintained their stan-
dard lifestyle and food intake during the experimental phase.
Performance tests
All performance tests were carried within 10 days before the commencement and after the cessa-
tion of the intervention and included: i) 20- and ii) 200-m sprint, iii) the Yo-Yo Intermittent
Recovery Test Level 2 (Yo-Yo IR2), iv) a RSA test, and v) an aerobic submaximal fitness test [13].
The tests were distributed over four different experimental occasions (i.e. three during the 1st
week and one in the 2nd, 72 hrs after the game) following the same order pre- and post-interven-
tion. Testing was always started after 15 min of standardized warm up on artificial turf (except
for the 200-m sprint and the aerobic fitness test which were run on a synthetic track) under the
same environmental conditions. All players were familiarized with the testing procedures (as
part of their regular physical performance assessment) before commencing the study.
On the days of testing, the participants reported to the pitch or track ~3 h after having con-
sumed a light meal. They also refrained from intense physical activity and abstained from alco-
hol and caffeine consumption 24 h before testing. To reduce the possible effect of diet-induced
changes on muscle metabolism and subsequent exercise performance, two days before any
experimental testing the participants were required to follow a nutritional strategy designed to
ensure an adequate carbohydrate intake (~60% of total energy intake) and to record and repli-
cate their individual dietary pattern during the 48-h before each testing day.
20-m sprint test. Short-sprint performance was evaluated over 20-m distance. Time was
recorded using photoelectric cells (Optojump, Microgate, Bolzano, Italy). Players started the
sprint from a standing position with the front foot placed 10 cm behind the first timing gate.
Only the best performance over three trials was considered. Each 20-m sprint was separated by
1.5 min of passive recovery.
200-m sprint test. An all-out run was performed over 200 m. Time recordings were
obtained as previously described for the 20-m sprint test. High reliability of the 200-m sprint
test was reported (coefficient of variation: 0.8 ± 0.7%) in players of similar standard [5].
Yo-Yo IR2 test. The Yo-Yo Intermittent Recovery Test Level 2 consisted of 2 x 20-m shut-
tle runs at increasing speeds, interspersed with 10 s of active recovery, controlled by audio sig-
nals. The test was terminated when the participant was no longer able to maintain the required
speed and the distance achieved was recorded as result [14].
RSA test. The RSA test consisted of 15 repetitions of 40-m straight-line sprints inter-
spersed with 30 s of passive recovery [15, 16]. Time was measured with photoelectric cells
Table 1. Repeated-sprint training program.
Week Training session Repeated sprint training volume Recovery (sets)
1 1 1 set x 6 reps -
2 2 1 set x 6 reps -
2 3 2 sets x 6 reps 2 min
3 4 2 sets x 6 reps 2 min
3 5 2 sets x 6 reps 2 min
4 6 2 sets x 6 reps 2 min
4 7 3 sets x 6 reps 2 min
5 8 3 sets x 6 reps 2 min
doi:10.1371/journal.pone.0171462.t001
Repeated-sprint training in soccer
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(Optojump, Microgate, Bolzano, Italy). Total sprint time (RSAt) for all 15 sprints was deter-
mined. In addition, in order to quantify fatigue during the RSA test, the percentage decrement
score (RSASdec) was calculated as follows [17]:
RSASdec ¼
ðS1 þ S2 þ S3 þ . . .þ SfinalÞ
Sbest  number of sprints
  1
 
 100
The high reliability reported for the current RSA test (coefficients of variation for RSAt and
RSASdec of 1.2 ± 0.9% and 16.8 ± 14.9%, respectively [5]) in players of similar standard is also
in line with reliability scores of other RSA protocols [10, 18].
Aerobic fitness test. The aerobic fitness test consisted of 6 min running at a constant
speed of 13.5 km/h [13]. A capillary blood sample was collected from the ear lobe immediately
after the end of the test and [La] was analyzed (see Training intervention).
Statistical analyses
The normality distribution of each variable was examined with the Shapiro-Wilk test. An
unpaired t-test was used to ensure that no between-group differences existed in the Pre-test
measurements. Data were analyzed using a two-factor repeated-measure ANOVA with one
within factor (time: Pre-test vs. Post-test) and one between factor (group: 5–15 vs. 5–30).
When a significant main effect was detected, a Student-Newman-Keuls post hoc analysis was
applied for pairwise multiple comparison. A paired t-test was applied to evaluate Pre-to-Post
differences in single sprint performances of the RSA test.
In addition to the null-hypothesis test, to allow a better interpretation of the results, the
practical significances were verified using a statistical approach based on the magnitudes of
change [19]. For between- and within-group comparisons, the chances that the true mean
changes following each training program were beneficial (i.e., greater than the smallest worth-
while change, SWC [0.2 multiplied by the between-subject standard deviation]), unclear/trivial
or harmful for performance were calculated. Quantitative chances of beneficial, trivial, or
harmful changes were evaluated qualitatively as follows: 25–75%, possibly; 75–95%, likely; 95–
99%, very likely; and>99%, almost certainly. If the chances of having beneficial or harmful
performance changes were both>5%, the true difference was defined as unclear [19]. More-
over, the effect size (ES) of changes in each performance parameter was calculated using the
pooled Pre-training standard deviation [20] and was utilized to express within-group stan-
dardized changes and between-group standardized differences. The level of statistical signifi-
cance was set for all analyses at p< 0.05. Raw data are presented as means ± SD, whereas
relative changes are means ± 90% confidence intervals.
Results
Training compliancy and training responses
The nineteen players recruited for the intervention had a training compliancy >85%, and
therefore were all included in the final analysis. No injuries occurred during the intervention
period. No differences (p> 0.5) were observed between the two RST groups in any of the pre-
test measurements.
During the first 5–15 training session, the average running speed from sprint 1 to 6
decreased by 2.7% (p = 0.048), while it only tended to be reduced during the last training ses-
sion. On this occasion, the running speed reached during the final repetition (6th sprint) was
faster (p = 0.049) during the last (23.4 ± 0.5 km/h) compared to the first (22.7 ± 0.5 km/h)
Repeated-sprint training in soccer
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training session. In 5–30, no significant changes in speed were observed between sprint 1 and
6 during both the first and the last training session (Table 2).
In 5–15, during the first training session, [La] increased (p< 0.05) from 3.1 ± 0.8 mmol/L
before sprint 1 to 9.3 ± 1.6 mmol/L following sprint 6, which were the same after the interven-
tion. In 5–30, post-exercise [La] increased (p< 0.001) about twofold but it was significantly
lower compared with 5–15 during both the first (p<0.05) and the last training session
(p<0.01) (Table 2).
Performance
Performance scores for the RST groups are reported in Table 3. 5–30 improved the 20-m
sprint time by 2.7% (p = 0.004), whereas only a tendency was observed in 5–15 (1.5%; p =
0.086). In 5–15, 200-m sprint and Yo-Yo IR2 test performance improved by 2.0% (p = 0.02)
and 11.4% (p = 0.005), respectively, while no changes occurred in 5–30 (p>0.097). Both 5–15
and 5–30 induced improvements in RSAt (p<0.001) and RSASdec (p<0.05) following the inter-
vention. In addition, 5–15 improved performance in the 3rd, 6th and from the 11th to 15th
sprint of the RSA test (p<0.05), whereas speed increments were noted from the 1st to the 6th
and in the 8th and 10th sprint in 5–30 (p<0.05) (Fig 1). After the aerobic fitness test, [La] was
0.9 ± 0.8 and 1.1 ± 1.4 mmol/L lower (p<0.05) following 5–15 and 5–30 interventions, respec-
tively, with no difference between groups.
None of the performance variables differed (p>0.05) between pre-test and post-test in the
control group (20-m: 3.11 ± 0.09 vs. 3.05 ± 0.33 s; 200-m: 26.83 ± 0.84 vs. 28.51 ± 0.92 s; Yo-Yo
IR2: 688 ± 146 vs. 704 ± 181 m; RSAt: 89.19 ± 1.48 vs. 89.21 ± 1.53 s; RSASdec: 5.55 ± 2.81 vs.
5.52 ± 2.59%; aerobic fitness test: 5.12 ± 1.74 vs. 4.98 ± 1.92 mmol/L).
Magnitude-based approach
Relative and standardized changes and qualitative inferences from within-group analysis are
presented in Table 3.
Between-group changes are presented in Fig 2. Changes in Yo-Yo IR2 test performance
were possibily better following 5–15 compared to 5–30. Conversely, 5–30 induced possibly
greater improvements in RSAt than those observed with the 5–15 protocol. Differences in the
changes in 20-m, 200-m, RSASdec and aerobic fitness test were unclear.
Discussion
The major findings of the present study were that 5–15 improved the 200-m sprint and Yo-Yo
IR2 performance whereas 5–30 reduced the time in a 20-m sprint test. Both RST programs
Table 2. Average sprint running speed and blood lactate response to one bout of either 5–15 or 5–30 repeated-sprint training protocol during the
first and the last training session.
5–15 5–30
First training session Last training session First training session Last training session
Average running speed (km/h) Sprint 1 23.3 ± 0.8 24.0 ± 0.8 23.7 ± 0.8 24.0 ± 0.9
Sprint 6 22.7 ± 0.5* 23.4 ± 0.5# 23.4 ± 0.8 24.0 ± 1.3
[La] (mmol/L) Before sprint 1 3.1 ± 0.8 3.6 ± 1.1 3.5 ± 1.1 3.4 ± 1.0
After sprint 6 9.3 ± 1.6§ 9.3 ± 2.0§ 6.6 ± 1.8†§ 6.0 ± 1.3†§
# Different (p < 0.05) from the First training session.
† Different (p < 0.05) from 5–15.
* Different (p < 0.05) from Sprint 1.
§ Different (p < 0.05) from Before sprint 1.
doi:10.1371/journal.pone.0171462.t002
Repeated-sprint training in soccer
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evoked positive changes in aerobic fitness and RSA (RSAt and RSAdec) with possibly greater
improvements in RSAt following 5–30 compared to 5–15.
Training responses
Short rest intervals (i.e., 15 s) between maximal efforts (30 m or ~5 s) during training resulted
in an inability to maintain sprint performance constant (RSA was not altered in 5–30), with
this effect becoming less evident during the last training session. Shorter recoveries also placed
greater emphasis on glycolytic energy production, as demonstrated by significantly greater ele-
vation in [La] values in 5–15 vs. 5–30, yet with unchanged [La] values following both training
interventions. Of importance, our RST intervention was implemented ‘in-season’ and utilized
a design whereby RST replaced the usual field-based conditioning work to keep training load
similar before and during the intervention period as well as between groups in a cohort of
trained youth soccer players.
20-m sprint
A possibly moderate effect of RST on 20-m sprint performance (mean difference; ±95% confi-
dence limits: -0.07 s; ±0.08) has been highlighted in a recent meta-analysis [3]. In our study,
long-rest (i.e., 30 s) intervals between sprints allowed for the maintenance of a higher sprinting
speed across repetitions (during training) and resulted in a significant improvement in 20-m
sprint performance, which on the contrary did not significantly change when employing
short-rest (i.e., 15 s) periods. This is consistent with Fernandez-Fernandez et al. [9] who
Fig 1. Relative changes (% ± 90% CI) in average running speed during the sprints of the RSA test.
§Significant Pre-to-Post difference in 5–15 (p < 0.05). *Significant Pre-to-Post difference in 5–30 (p < 0.05).
doi:10.1371/journal.pone.0171462.g001
Repeated-sprint training in soccer
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showed that 6 weeks of RST (18 training sessions in total), employing 3 sets of ten ~5-s shuttle
sprints interspersed with relatively short (20 s) recoveries between repetitions (1:4 E:R ratio),
had no effect on 20-m sprint times. Taken together these findings seem to suggest that the
magnitude of change is a direct consequence of the RST protocol or E:R ratio utilized, with the
reiteration of maximal speed during each exercise bout constituting a key element for enhanc-
ing single sprint performance. The mechanisms underpinning such improvement could also
be, among others, ascribed to beneficial changes in the patterns of muscle activation (i.e.,
reduced co-contractions, larger recruitment of the gluteal muscle group contributing to a
more efficient hip extension to achieve faster speed) [21].
200-m sprint
After the intervention, a significant improvement in 200-m sprint performance was detected
in 5–15, while only possible beneficial changes were noted in 5–30. Consistently, greater effect
in enhancing 200-m sprint time was observed after speed endurance maintenance (1:3 E:R
ratio) training compared with speed endurance production (1:6 E:R ratio) training [5] or
when 10-s repeated sprints were carried out with 10-s (1:1 E:R ratio) rather than 60-s (1:6 E:R
ratio) rest intervals [12]. Overall, this indicates that short- vs. long-rest training program pro-
vides stronger stimuli for improving the ability of active muscles to preserve speed decrement
and sustain short-duration supra-maximal exercise averaging 30 s, such as during the 200-m
run when glycolysis is the predominant energy source [22]. The mechanisms underlying the
greater improvement in 200-m performance with narrower E:R ratios during training might
Fig 2. Effects of 5–15 compared with 5–30 training on 20- and 200-m sprint time, Yo-Yo IR2 test performance, total sprint time (RSAt) and
percentage decrement score (RSASdec) of the repeated-sprint ability test, and aerobic fitness test performance. Data are presented as
standardized difference (Cohen’s d) ± 90% CI.
doi:10.1371/journal.pone.0171462.g002
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therefore include a greater activation of glycolysis, caused in part by the limited resynthesis of
phosphocreatine due to shortened recovery. In support of this, the drop in phosphocreatine
and the increases in products of glycogen breakdown (glucose-6-phosphate and fructose-
6-phosphate) after two 80-m sprints following 8 weeks of sprint training were greater in the
short-rest vs. long-rest training program [12].
High-intensity intermittent exercise capacity
The Yo-Yo IR2 test performance, explaining 40% of the variance in high-intensity game dis-
tance in soccer [23], not only highly taxes the aerobic but also the anaerobic energy system
during accelerations inherent with consecutive directional changes [14]. In the present study,
the distance covered during the Yo-Yo IR2 test increased significantly by 11.4% from pre- to
post-training in 5–15, which represented a possible better change than the non-significant 6.5%
increase observed in 5–30. A plausible explanation for the larger performance improvement
with short- vs. long-rest training program could relate to a stronger stimulation of both the
aerobic and anaerobic (lactic) metabolism [1]. Irrespective of the duration of the rest intervals,
training-induced gains in high-intensity intermittent performance are consistent with those of
previous studies involving fit individuals (+8–10% [24, 25]) but lower than improvements
ranging from 14 to 29% generally seen after 2–7 weeks of RST in team- sport players (Yo-Yo
IR2 in soccer [10, 26]; rugby [27]; field hockey [28]) and racket- (Hit and Turn tennis test in
tennis [9]). In addition to differences in RST content/modality (i.e., E:R ratio, straight line/
shuttle runs), discrepant training responses between our results and literature findings may
partially be related to the season period (competitive season vs. pre-season [29]) and the char-
acteristics (sub-elite vs. amateur players or under 18 vs. other age groups [30]) of the tested
individuals.
Repeated-sprint ability
Despite the different exercise to rest ratio, the current RST programs induced substantial
improvements in performance fatigability (i.e., similar reductions in RSASdec averaging ~30%)
across the fifteen running sprints. Such enhanced ability to recover between consecutive
sprints may relate to the specificity of RST for inducing positive changes in ion homeostasis
and buffering capacity and promoting an oxidative phenotype in skeletal muscle [2]. Both
training programs also conferred significant beneficial changes in total sprint time (RSAt),
with the improvements being possibly greater in 5–30 compared to 5–15. Overall, RSA gains
observed here were in the higher range for RSASdec (0–39%) and in the lower range for RSAt
(1.5–8.8%) compared to what have been previously reported in team- [8, 10, 11, 27, 31] and
racket-sport players [9] as well as in recreationally trained individuals [24, 25, 32, 33] after sim-
ilar RST regimens conducted over 4–7 weeks. In a meta-analysis, a possibly moderate beneficial
effect of RST on RSA (effect size -0.62; 95% confidence limits ± 0.25) was found from the anal-
ysis of 8 studies [3]. Neuromuscular adaptations or enhancements of maximal aerobic power
(i.e., increased oxygen delivery to muscle tissue, concentration of aerobic enzymes, mitochon-
drial size and number, and capillary density) or anaerobic capacity (i.e., enhanced phosphocre-
atine resynthesis, upregulation of key glycolytic enzymes, increased lactate clearance and
inorganic phosphate removal as well as increased muscle buffer capacity) have been identified
as crucial adaptive factors for improved tolerance to repeated maximal efforts [2, 34]. Impor-
tantly, improvement in RSAt was possibly greater in 5–30 compared to 5–15. This observation
suggests that implementing longer rest intervals during RST may more largely up-regulate
some of the aforementioned mechanisms, and thereby, induce superior benefits in repeated-
sprint performance. Similar improvement in performance fatigability (RSASdec) following
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both training interventions occurred concurrently with larger gains seen in 5–30 for both sin-
gle sprint (first effort of the repeated-sprint series) and mean performance (RSAt). This novel
information indicates that RST with a long-rest rather than short-rest may be more effective at
improving RSA in youth soccer players.
Another interesting observation is that the relative change in sprint speed was greater
during the first third of the RSA test in 5–30, whereas greater (speed) improvements were
noted in the last third of the repeated sprint series in 5–15 (Fig 1). Although the contribution
of oxidative phosphorylation to total energy expenditure during a single short sprint is limited,
the level of aerobic ATP provision progressively increases as sprints are repeated [35] such
that aerobic metabolism may contribute as much as 40% of the total energy supply during
the final repetitions of a repeated-sprint series [36]. With VO2max being reached during the lat-
ter sprints of an RSA test resembling the one performed here (15 x 40 m, 25-s rest [16]), this
suggests that VO2max may limit the contribution of aerobic metabolism. Also, larger RST-
induced gains for 5–15 vs. 5–30 in the distance covered during the Yo-Yo IR2 provide indirect
evidence that increasing VO2max to a greater extent may allow for a higher aerobic contribu-
tion during the latter sprints, potentially minimizing fatigue (i.e., greater relative change in
sprint speed).
Aerobic capacity
A lower [La] response was observed post-training after running at constant speed. This can be
the result of both a greater clearance of lactate from the blood and lower production of lactate
(no possible distinction here), which has been associated with an increase in the activity of oxi-
dative enzymes and an elevated fat oxidation [37]. Interestingly, an increase in the content of
monocarboxylate transporters 1 (no change in isoform 4), a dominant regulator of muscle
pH during and after repeated intense exercise, has been observed in response to a 8-wk period
of intermittent-sprint training (30 sessions including 15 x 6-s sprint with 1-min active recov-
ery) [24]. Whatever the exact underpinning mechanisms of pH regulatory systems are, our
results showed that RST can reduce [La] at a given submaximal fixed (13.5 km/h) intensity.
However, altering the rest interval during training (5–15 vs. 5–30) did not affect the magnitude
of changes in [La]. That said, improved exercise testing prescription might require that anaero-
bic speed reserve (i.e., the difference between maximal sprinting speed and minimal running
speed associated with VO2max [1]) is systematically re-assessed during pre- and post-test ses-
sions for the purpose of setting individualized running speeds.
Conclusion
To our knowledge, this study is the first to compare the effect of two RST programs, differing
in rest intervals between sprints (1:3 vs. 1:6 E:R ratios), on various types of soccer-related exer-
cise performances. Our main findings are as follows: first, whilst 5–15 improved 200-m and
had a likely positive impact on 20-m sprint performance, 5–30 lowered the 20-m sprint time
but was only possibly effective for enhancing the 200-m performance. Second, the distance
covered in the Yo-Yo IR2 test increased after 5–15 which was possibly better than the non-
significant change observed in 5–30. Third, both RST interventions led to similar significant
beneficial reductions in [La] after submaximal exercise as well as in the percentage decrement
score and total time in a RSA test, with possibly greater improvements in RSAt following 5–30
compared to 5–15. In youth professional soccer players, RST over a 5-wk in-season period
is an efficient means to simultaneously develop different components of fitness relevant to
match performance, with different benefits induced by shorter or longer rest intervals.
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Practical applications
Despite the proven efficiency of RST for improving a wide range of fitness components of soc-
cer performance there is still considerable debate on the most appropriate training practice to
adopt (e.g., for instance to maximize RSA gains [2, 38]). The observation that short- vs. long-
rest intervals induce specific adaptations, however, supports the common view that there is
not one type of training that can be recommended to better improve physical performance in
team sports [2, 5]. Additionally, direct comparisons between the effectiveness of RST and
high-intensity interval training have shown that the latter may be a more effective intervention
to improve RSA mean time in young handball players [32] as well as sport-specific aerobic fit-
ness in tennis players [9] and healthy individuals [24], but opposite results have also been
reported [10]. Furthermore, in rugby players, combined RST and resistance (squat) training
with superimposed vibration was suggested to be more advantageous for improving repeated-
sprint performance than RST alone [31]. Finally, by adding hypoxic stress to RST, larger short-
term (2–6 weeks) repeated-sprint performance enhancements have been reported compared
to similar training at sea level [26, 27, 39]. While the aforementioned considerations would
suggest that a combination of different training practices/methods is probably the most effec-
tive approach, it remains to be determined how to best manipulate RST variables with also effi-
cient periodization of conditioning sessions in the busy schedule of players to reach the
desired training adaptations.
Perspectives
Future RST studies with a wider spectrum of E:R ratios and including muscle biopsy samples
are needed to determine what is the optimal trade-off between maintenance of speed across
sprint series (i.e., opportune fatigue level) and large intramuscular metabolic and/or acid-base
disturbances during exercise (i.e., meaningful training stimulus). If a different approach is
needed and a sensitive reduction of exercising volume is expected (i.e., congested or tapering
periods), training with shuttle sprinting, allowing to reach a level of fatigue similar to that
obtained in straight sprinting, can be considered as a valuable alternative but would require
careful management of neuromuscular load [26, 40]. Even more crucial for match physical
performance is the ability of players to accelerate while changing direction and orientation
[41] and thereby the need to design effective training methods (i.e., individual drills or small-
sided games with the use of appropriate E:R ratio [42]) specifically aimed at improving these
repeated sprint abilities.
Author Contributions
Conceptualization: FMI GM.
Data curation: MF LL FMI.
Formal analysis: MF FMI.
Funding acquisition: GA FMI.
Investigation: LL GA FMI.
Methodology: FMI GM.
Project administration: FMI.
Resources: LL GA FMI.
Supervision: FMI OG.
Repeated-sprint training in soccer
PLOS ONE | DOI:10.1371/journal.pone.0171462 February 15, 2017 12 / 15
Visualization: FMI MF.
Writing – original draft: FMI MF OG.
Writing – review & editing: FMI MF OG.
References
1. Buchheit M, Laursen PB. High-intensity interval training, solutions to the programming puzzle: Part I:
cardiopulmonary emphasis. Sports Med. 2013; 43(5):313–38. doi: 10.1007/s40279-013-0029-x PMID:
23539308
2. Bishop D, Girard O, Mendez-Villanueva A. Repeated-sprint ability—part II: recommendations for train-
ing. Sports Med. 2011; 41(9):741–56. doi: 10.2165/11590560-000000000-00000 PMID: 21846163
3. Taylor J, Macpherson T, Spears I, Weston M. The effects of repeated-sprint training on field-based fit-
ness measures: a meta-analysis of controlled and non-controlled trials. Sports Med. 2015; 45(6):881–
91. doi: 10.1007/s40279-015-0324-9 PMID: 25790793
4. de Salles BF, Simao R, Miranda F, Novaes Jda S, Lemos A, Willardson JM. Rest interval between sets
in strength training. Sports Med. 2009; 39(9):765–77. doi: 10.2165/11315230-000000000-00000 PMID:
19691365
5. Iaia FM, Fiorenza M, Perri E, Alberti G, Millet GP, Bangsbo J. The Effect of Two Speed Endurance
Training Regimes on Performance of Soccer Players. PLoS ONE. 2015; 10(9):e0138096. PubMed
Central PMCID: PMCPMC4578774. doi: 10.1371/journal.pone.0138096 PMID: 26394225
6. Hill-Haas S, Bishop D, Dawson B, Goodman C, Edge J. Effects of rest interval during high-repetition
resistance training on strength, aerobic fitness, and repeated-sprint ability. J Sports Sci. 2007; 25
(6):619–28. doi: 10.1080/02640410600874849 PMID: 17454528
7. Edge J, Eynon N, McKenna MJ, Goodman CA, Harris RC, Bishop DJ. Altering the rest interval during
high-intensity interval training does not affect muscle or performance adaptations. Exp Physiol. 2013;
98(2):481–90. doi: 10.1113/expphysiol.2012.067603 PMID: 22923232
8. Buchheit M, Mendez-Villanueva A, Delhomel G, Brughelli M, Ahmaidi S. Improving repeated sprint abil-
ity in young elite soccer players: repeated shuttle sprints vs. explosive strength training. J Strength
Cond Res. 2010; 24(10):2715–22. doi: 10.1519/JSC.0b013e3181bf0223 PMID: 20224449
9. Fernandez-Fernandez J, Zimek R, Wiewelhove T, Ferrauti A. High-intensity interval training vs.
repeated-sprint training in tennis. J Strength Cond Res. 2012; 26(1):53–62. doi: 10.1519/JSC.
0b013e318220b4ff PMID: 21904233
10. Ferrari Bravo D, Impellizzeri FM, Rampinini E, Castagna C, Bishop D, Wisloff U. Sprint vs. interval train-
ing in football. Int J Sports Med. 2008; 29(8):668–74. doi: 10.1055/s-2007-989371 PMID: 18080951
11. Buchheit M, Mendez-Villanueva A, Quod M, Quesnel T, Ahmaidi S. Improving acceleration and
repeated sprint ability in well-trained adolescent handball players: speed versus sprint interval training.
Int J Sports Physiol Perform. 2010; 5(2):152–64. PMID: 20625188
12. Saraslanidis P, Petridou A, Bogdanis GC, Galanis N, Tsalis G, Kellis S, et al. Muscle metabolism and
performance improvement after two training programmes of sprint running differing in rest interval dura-
tion. J Sports Sci. 2011; 29(11):1167–74. doi: 10.1080/02640414.2011.583672 PMID: 21777153
13. Impellizzeri FM, Rampinini E, Marcora SM. Physiological assessment of aerobic training in soccer. J
Sports Sci. 2005; 23(6):583–92. doi: 10.1080/02640410400021278 PMID: 16195007
14. Bangsbo J, Iaia FM, Krustrup P. The Yo-Yo intermittent recovery test: a useful tool for evaluation of
physical performance in intermittent sports. Sports Med. 2008; 38(1):37–51. PMID: 18081366
15. Balsom PD, Gaitanos GC, So¨derlund K, Ekblom B. High-intensity exercise and muscle glycogen avail-
ability in humans. Acta Physiol Scand. 1999; 165(4):337–45. doi: 10.1046/j.1365-201x.1999.00517.x
PMID: 10350228
16. Dupont G, Millet GP, Guinhouya C, Berthoin S. Relationship between oxygen uptake kinetics and per-
formance in repeated running sprints. Eur J Appl Physiol. 2005; 95(1):27–34. doi: 10.1007/s00421-005-
1382-8 PMID: 15976999
17. Glaister M, Howatson G, Pattison JR, McInnes G. The reliability and validity of fatigue measures during
multiple-sprint work: an issue revisited. J Strength Cond Res. 2008; 22(5):1597–601. doi: 10.1519/JSC.
0b013e318181ab80 PMID: 18714226
18. Thomassen M, Christensen PM, Gunnarsson TP, Nybo L, Bangsbo J. Effect of 2-wk intensified training
and inactivity on muscle Na+-K+ pump expression, phospholemman (FXYD1) phosphorylation, and
performance in soccer players. J Appl Physiol. 2010; 108(4):898–905. doi: 10.1152/japplphysiol.01015.
2009 PMID: 20133439
Repeated-sprint training in soccer
PLOS ONE | DOI:10.1371/journal.pone.0171462 February 15, 2017 13 / 15
19. Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics for studies in sports medicine
and exercise science. Med Sci Sports Exerc. 2009; 41(1):3–13. doi: 10.1249/MSS.0b013e31818cb278
PMID: 19092709
20. Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, N.J.: L. Erlbaum
Associates; 1988. xxi, 567 p. p.
21. Ross A, Leveritt M, Riek S. Neural influences on sprint running: training adaptations and acute
responses. Sports Med. 2001; 31(6):409–25. PMID: 11394561
22. Gastin PB. Energy system interaction and relative contribution during maximal exercise. Sports Med.
2001; 31(10):725–41. PMID: 11547894
23. Mohr M, Thomassen M, Girard O, Racinais S, Nybo L. Muscle variables of importance for physiological
performance in competitive football. Eur J Appl Physiol. 2016; 116(2):251–62. doi: 10.1007/s00421-
015-3274-x PMID: 26449984
24. Mohr M, Krustrup P, Nielsen JJ, Nybo L, Rasmussen MK, Juel C, et al. Effect of two different intense
training regimens on skeletal muscle ion transport proteins and fatigue development. Am J Physiol
Regul Integr Comp Physiol. 2007; 292(4):R1594–602. doi: 10.1152/ajpregu.00251.2006 PMID:
17194727
25. Serpiello FR, McKenna MJ, Stepto NK, Bishop DJ, Aughey RJ. Performance and physiological
responses to repeated-sprint exercise: a novel multiple-set approach. Eur J Appl Physiol. 2011; 111
(4):669–78. doi: 10.1007/s00421-010-1687-0 PMID: 20957389
26. Gatterer H, Philippe M, Menz V, Mosbach F, Faulhaber M, Burtscher M. Shuttle-run sprint training in
hypoxia for youth elite soccer players: a pilot study. J Sports Sci Med. 2014; 13(4):731–5. PubMed Cen-
tral PMCID: PMCPMC4234940. PMID: 25435763
27. Galvin HM, Cooke K, Sumners DP, Mileva KN, Bowtell JL. Repeated sprint training in normobaric hyp-
oxia. Br J Sports Med. 2013; 47 Suppl 1:i74–9. PubMed Central PMCID: PMCPMC3903144.
28. Brocherie F, Millet GP, Hauser A, Steiner T, Wehrlin JP, Rysman J, et al. Association of Hematological
Variables with Team-Sport Specific Fitness Performance. PLoS ONE. 2015; 10(12):e0144446.
PubMed Central PMCID: PMCPMC4671600. doi: 10.1371/journal.pone.0144446 PMID: 26641647
29. Oliveira RS, Leicht AS, Bishop D, Barbero-Alvarez JC, Nakamura FY. Seasonal changes in physical
performance and heart rate variability in high level futsal players. Int J Sports Med. 2013; 34(5):424–30.
doi: 10.1055/s-0032-1323720 PMID: 23143705
30. Al Haddad H, Simpson BM, Buchheit M, Di Salvo V, Mendez-Villanueva A. Peak match speed and max-
imal sprinting speed in young soccer players: effect of age and playing position. Int J Sports Physiol Per-
form. 2015; 10(7):888–96. doi: 10.1123/ijspp.2014-0539 PMID: 25710125
31. Suarez-Arrones L, Tous-Fajardo J, Nunez J, Gonzalo-Skok O, Galvez J, Mendez-Villanueva A. Concur-
rent repeated-sprint and resistance training with superimposed vibrations in rugby players. Int J Sports
Physiol Perform. 2014; 9(4):667–73. doi: 10.1123/ijspp.2013-0238 PMID: 24231555
32. Buchheit M, Millet GP, Parisy A, Pourchez S, Laursen PB, Ahmaidi S. Supramaximal training and post-
exercise parasympathetic reactivation in adolescents. Med Sci Sports Exerc. 2008; 40(2):362–71. doi:
10.1249/mss.0b013e31815aa2ee PMID: 18202564
33. Dawson B, Fitzsimons M, Green S, Goodman C, Carey M, Cole K. Changes in performance, muscle
metabolites, enzymes and fibre types after short sprint training. Eur J Appl Physiol Occup Physiol.
1998; 78(2):163–9. doi: 10.1007/s004210050402 PMID: 9694316
34. Spencer M, Bishop D, Dawson B, Goodman C. Physiological and metabolic responses of repeated-
sprint activities:specific to field-based team sports. Sports Med. 2005; 35(12):1025–44. PMID:
16336007
35. Gaitanos GC, Williams C, Boobis LH, Brooks S. Human muscle metabolism during intermittent maximal
exercise. J Appl Physiol. 1993; 75(2):712–9. PMID: 8226473
36. McGawley K, Bishop DJ. Oxygen uptake during repeated-sprint exercise. J Sci Med Sport. 2015; 18
(2):214–8. doi: 10.1016/j.jsams.2014.02.002 PMID: 24602687
37. Brooks GA, Mercier J. Balance of carbohydrate and lipid utilization during exercise: the "crossover" con-
cept. J Appl Physiol (1985). 1994; 76(6):2253–61.
38. Buchheit M. Should we be recommending repeated sprints to improve repeated-sprint performance?
Sports Med. 2012; 42(2):169–72; author reply 72–73. doi: 10.2165/11598230-000000000-00000 PMID:
22233537
39. Brocherie F, Girard O, Faiss R, Millet GP. High-intensity intermittent training in hypoxia: a double-
blinded, placebo-controlled field study in youth football players. J Strength Cond Res. 2015; 29(1):226–
37. doi: 10.1519/JSC.0000000000000590 PMID: 24978836
40. Hader K, Mendez-Villanueva A, Ahmaidi S, Williams BK, Buchheit M. Changes of direction during high-
intensity intermittent runs: neuromuscular and metabolic responses. BMC Sports Sci Med Rehabil.
Repeated-sprint training in soccer
PLOS ONE | DOI:10.1371/journal.pone.0171462 February 15, 2017 14 / 15
2014; 6(1):2. PubMed Central PMCID: PMCPMC3904414. doi: 10.1186/2052-1847-6-2 PMID:
24417863
41. Brughelli M, Cronin J, Levin G, Chaouachi A. Understanding change of direction ability in sport: a review
of resistance training studies. Sports Med. 2008; 38(12):1045–63. doi: 10.2165/00007256-200838120-
00007 PMID: 19026020
42. Hill-Haas SV, Dawson B, Impellizzeri FM, Coutts AJ. Physiology of small-sided games training in foot-
ball: a systematic review. Sports Med. 2011; 41(3):199–220. doi: 10.2165/11539740-000000000-00000
PMID: 21395363
Repeated-sprint training in soccer
PLOS ONE | DOI:10.1371/journal.pone.0171462 February 15, 2017 15 / 15
